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In response to the neurohormone serotonin (5-hydroxytryptamine, 5-HT), prophase-arrested oocytes of the marine bivalve
Crassostrea gigas (oyster) reinitiate meiosis, undergo germinal vesicle breakdown (GVBD), and are arrested again at meta-
phase I. We examined the pharmacological characteristics of 5-HT receptors and the signal transduction pathway following
5-HT stimulation in oyster oocytes. Among 5-HT agonists tested, only a-methyl 5-HT, a 5-HT2 agonist, induced GVBD,
although it was 1000 times less sensitive than 5-HT. The rank order of the potency of 5-HT antagonists to inhibit GVBD
was propranolol, cyproheptadine  metoclopramide  mianserin. These results are quite different from those reported for
other mollusks, suggesting the presence of unique 5-HT receptors on oyster oocytes. Using the ¯uorescent Ca2/ dyes fura-
2 and calcium green and the pH indicator 1-hydroxypyrene-3,6,8-trisulfonic acid, we examined changes in intracellular
Ca2/ ([Ca2/]i) and intracellular pH (pHi) during 5-HT-induced meiosis reinitiation. 5-HT did not trigger any changes in
[Ca2/]i . However, an increase in pHi was observed during the 5-HT-induced meiosis reinitiation. The increased pHi level
was rather small before GVBD and not necessary for GVBD, because lowering pHi by sodium acetate seawater (pH 7.0)
did not prevent 5-HT-induced GVBD. Measurement of the kinase activity toward a peptide substrate speci®c to cdc2
demonstrated that maturation-promoting factor (MPF) was activated in accordance with the occurrence of GVBD in
response to 5-HT. Therefore, it is likely that in oyster oocytes the signal transduction pathways and intracellular effectors
participating in 5-HT-induced meiosis reinitiation via the activation of MPF are insensitive to [Ca2/]i and pHi. q 1997
Academic Press
INTRODUCTION In some species, such as Spisula and Mactra (Longo, 1983;
Fong et al., 1996), fertilization takes place only at prophase,
Female gametes in the ovaries of invertebrates are ar- which allows prophase-arrested oocytes to complete meio-
rested at late prophase of the ®rst meiotic division. In bi- sis through GVBD, extrusion of the ®rst and second polar
valve mollusks, external stimuli including sperm and hor- bodies, and formation of the female pronucleus (prophase-
mones induce oocytes to reinitiate meiosis, which is ®rst type oocytes). Meiosis reinitiation in Spisula oocytes is also
apparent at the morphological level by germinal vesicle triggered by KCl (Allen, 1953) or serotonin (5-hydroxytryp-
breakdown (GVBD).2 tamine, 5-HT) (Hirai et al., 1988). In contrast, prophase-
arrested oocytes of Ruditapes do not respond to sperm or1 To whom correspondence should be addressed. Fax: xx81-177- KCl unless they are ®rst stimulated by 5-HT which drives
37-5015. E-mail: kkyozuka@mail.cc.tohoku.ac.jp.
2 Abbreviations used: 5-HT, 5-hydroxytryptamine; 8-OH-DPAT,
8-hydroxydipropylaminotetralin HBr; [Ca2/]i , intracellular Ca2/; 1,4,5-trisphosphate; mCPBG, 1-(m-chlorophenyl)-biguanide hydro-
chloride; MPF, maturation-promoting factor; NSW, natural seawa-ACSW, ammonium chloride seawater; EKCa-SASW, excess
K/,Ca2/-sodium acetate seawater; GVBD, germinal vesicle break- ter; pHi, intracellular pH; SASW; sodium acetate seawater; TFMPP,
m-tri¯uoromethyl-phenylpiperazine hydrochloride.down; HPTS, 1-hydroxypyrene-3,6,8-trisulfonic acid; IP3, inositol
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Onagawa, Miyagi Pref., in September. They were kept for 1 to 2them to a second arrest at metaphase I (metaphase I-type
weeks in the tank with running seawater until use. Water tempera-oocytes) (Osanai and Kuraishi, 1988; Guerrier et al., 1993).
ture during this period was 18±227C.Oocytes of Limania, Hiatella, or freshwater bivalve zebra
Obtaining and handling of gametes were described elsewheremussels (Dreissena polymorpha) also belong to metaphase
(Osanai, 1985). Full-grown oocytes present in the ovary were ar-I-type oocytes. They are carried to metaphase I stage by
rested at prophase. When isolated from the ovary and incubated in
calcium ionophore, ammonia, or serotonin treatment (De- natural seawater (NSW), some oocytes underwent GVBD spontane-
guchi and Osanai, 1993, 1995; Fong et al., 1993, 1994). Phar- ously within 20 min after the isolation. Therefore, the isolated
macological experiments have revealed that 5-HT receptors oocytes were kept in NSW for at least 30 min, and when more than
on the surface of Spisula, Ruditapes, and zebra mussel oo- 10% of the oocytes had matured spontaneously, oocytes from those
animals were excluded from the pharmacological experiments.cytes have different characteristics (Krantic et al., 1991,
When isolated oocytes were incubated in acidi®ed seawater such1993; Gobet et al., 1994; Fong et al., 1994).
as NSW containing sodium acetate, all of the oocytes remained atThe 5-HT signal at the oocyte surface may be transduced
prophase and maintained the ability to undergo GVBD in responseto the cytoplasm, by Ca2/ and pH signals. Increases in intra-
to sperm and 5-HT (Osanai, 1985). To prevent spontaneous progres-cellular Ca2/ ([Ca2/]i) and/or intracellular pH (pHi) have been sion of meiosis reinitiation, therefore, most of the experiments forproposed to be essential for meiosis reinitiation from pro-
the measurement of [Ca2/]i , pHi, and MPF activity were performedphase in protostomes (Moreau et al., 1985; Guerrier et al., in NSW containing sodium acetate. Sodium acetate seawater
1986; Brassard et al., 1988; DubeÂ , 1988; Gould and Ste- (SASW) was prepared by mixing nine parts of NSW with one part
phano, 1989, 1993; Deguchi and Osanai, 1994b, 1995). How- of 0.52 M sodium acetate in 10 mM Pipes (pH 7.0). Excess K/,Ca2/-
ever, it is not yet known in any species how the changes sodium acetate seawater (EKCa-SASW) was prepared by mixing six
parts of NSW, two parts of 0.52 M KCl, one part of 0.35 M CaCl2,in [Ca2/]i and/or pHi are related to the activation of matura-
and one part of 0.52 M sodium acetate in 10 mM Pipes (pH 7.0).tion-promoting factor (MPF), a ®nal trigger for meiosis reini-
Ammonium chloride seawater (ACSW) consisted of 2 mM NH4Cltiation (reviewed in Yamashita et al., 1995).
and 10 mM Tris in NSW (pH 8.3).To better understand the signal transduction mechanisms
5-HT, its agonists [8-hydroxydipropylaminotetralin HBr (8-OH-that link the hormone signal reception on the oocyte surface
D P A T ) , m - tri¯uoromethyl - phenylpiperazine hydrochlorideto the activation of MPF in molluskan oocytes, we have stud-
(TFMPP), a-methyl 5-HT, and 1-(m-chlorophenyl)-biguanide hydro-
ied the oyster, Crassostrea gigas. Naturally spawned oyster chloride (mCPBG)], and its antagonists (propranolol, cyprohepta-
oocytes remain at metaphase I and wait for the stimuli from dine, mianserin, and metoclopramide) were freshly dissolved in
the fertilizing spermatozoon to reenter meiosis (Osanai, 1985). NSW before each experiment. All of the agonists and the antago-
Oocytes isolated from the ovary remain at prophase. Follow- nists except 5-HT (Sigma) were purchased from Research Biochemi-
cals Inc. (RBI). To examine GVBD inducing activity, 5-HT and itsing stimulation with 5-HT, these oocytes reinitiate meiosis
agonists at ®nal concentrations of 1 nM through 100 mM were addedand proceed to metaphase I, where they are arrested again
to egg suspensions, and after 1 hr incubation at 227C, germinaluntil fertilization (Osanai, 1985). Unlike to metaphase I-type
vesicle breakdown was scored in about 100 oocytes selected ran-oocytes, however, prophase-arrested oyster oocytes can com-
domly in each experiment. To examine the inhibitory effect onplete meiosis by fertilization, similar to prophase-type oocytes
GVBD, oocytes were preincubated with 5-HT antagonists at 1, 10,(Osanai and Kuraishi, 1988). Therefore, oyster oocytes show
or 100 mM for 15 min before the addition of 5-HT (®nal concentra-
characteristics of both metaphase I- and prophase-type oo- tion 100 nM or 1 mM), and GVBD was scored 1 hr after the 5-HT
cytes. We examined pharmacological pro®les of 5-HT recep- addition.
tors and changes in [Ca2/]i and pHi during 5-HT-induced meio-
sis reinitiation in oyster oocyte and obtained different results
Measurements of Intracellular Calcium and pHfrom those reported for other bivalves (Kadam and Koide,
during Meiosis1989; Krantic et al., 1991; Guerrier et al., 1993; Gobet et al.,
1994; Juneja et al., 1994; Fong et al., 1994; Deguchi and Osa-
For the measurement of [Ca2/]i during meiosis, the ¯uorescentnai, 1995). Our results indicate that [Ca2/]i and pHi do not dyes fura-2 (2 mM, Dojindo) and calcium green (1 mM, Molecular
act as second messengers during 5-HT-induced oyster oocyte Probes) dissolved in an injection buffer (100 mM potassium aspar-
maturation. We have also demonstrated that MPF activity tate, 10 mM Hepes, pH 7.0) were injected into oocytes. For the
increases in 5-HT-stimulated oyster oocytes in accordance measurement of pHi, 1-hydroxypyrene-3,6,8-trisulfonic acid
(HPTS, 1 mM, Wako) was injected. Fluorescent dyes or ¯uorescentwith the occurrence of GVBD, suggesting that intracellular
dyes with other chemicals were injected as 2 to 5% of total volumeeffectors insensitive to Ca2/ and pH are involved in the activa-
of the oocyte. The equipment and procedures for the measurementtion of MPF, which ®nally leads the oocytes to mature.
with fura-2 and HPTS were described in previous papers (Deguchi
and Osanai, 1994a,b). Brie¯y, fura-2 was alternately excited at 340
and 380 nm, and the emission ¯uorescence (510 nm) was recorded.
MATERIALS AND METHODS The ratio of the ¯uorescence at 340 and 380 nm excitation (F340/
F380) was used for calculating [Ca2/]i . Similarly, F450/F380 was used
for measuring pHi in HPTS-injected oocytes.Material and Handling of Gametes
[Ca2/]i in the calcium green-injected oocytes was measured as
follows. The oocyte was illuminated with blue light (475±490 nm),The oyster, C. gigas, was collected around Asamushi Marine
Biological Station, Aomori Pref., during July and August and at and the emission ¯uorescence (530 nm) was measured. The resting
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level of calcium green signals varied from oocyte to oocyte because
of variations in the dye concentration in the oocytes. Therefore,
the recorded ¯uorescence (F) was normalized against the baseline
¯uorescence just before each treatment (F0). Namely, the data
(F 0 F0)/F0 were used to show [Ca2/]i changes from baseline levels
(Rakow and Shen, 1990; Stricker et al., 1994).
Heparin (20 mg/ml, 3 kDa, Sigma) was injected into oocytes
together with fura-2 in some experiments. Ionomycin (Sigma) was
dissolved in DMSO:ethanol (1:3) as a stock solution of 200 mM and
diluted with NSW to the ®nal concentration of 1 mM before use.
Application of the solution or the change of solution in the exper-
imental chamber during the measurements was performed manu-
ally using a Pasture pipet according to Deguchi and Osanai
(1994a,b).
FIG. 1. Effects of 5-HT and its agonists on GVBD in oyster oo-Experiments with Caged IP3 cytes. Oocytes were incubated in NSW containing different concen-
trations of 5-HT or agonists, and the percentage of GVBD was
Caged IP3 (Calbiochem) was dissolved in injection buffer at 20, scored 1 hr later (n  5 in each agonist experiment).
100, or 600 mM in ®nal concentration, put in a pipet, and injected
into oocytes together with calcium green. Heparin or de-N-sulfated
heparin (20 mg/ml, Sigma) was also injected with 100 mM caged
IP3 in some experiments. To liberate IP3, oocytes were exposed to
ultraviolet (UV) light (300±400 nm) for 5 sec by exchanging the RESULTS
®lter unit manually. A 75-W xenon lamp which was the same
source for the calcium measurement was used. We did not measure
Effects of 5-HT Agonists and Antagonists onthe intensity of UV; however, the same UV irradiation induced the
elevation of fertilization membrane of sea urchin eggs injected with Meiosis Reinitiation
25 mM caged IP3, suggesting substantial release of Ca2/ under this
5-HT induces meiosis reinitiation in oyster oocytes (Osa-condition.
nai, 1985). The characteristics of 5-HT receptor(s) were ex-
amined using speci®c agonists against 5-HT1- (8-OH-DPAT,
TFMPP), 5-HT2- (a-methyl 5-HT), and 5-HT3-type receptors
Oocyte Extraction (mCPBG) (Fig. 1). At 1 or 10 nM, 5-HT and all of the agonists
tested did not induce GVBD. The oocytes remained un-
Oocytes were washed once in 10 mM phosphate buffer (pH 8.0)
changed with a germinal vesicle as in control oocytes keptcontaining 1 M glycerol and twice in extraction buffer (EB: 100 mM
in NSW without 5-HT. 5-HT at a concentration higher thanb-glycerophosphate, 15 mM MgCl2, 5 mM EGTA, 20 mM Hepes,
100 nM induced GVBD in a dose-dependent manner with1 mM dithiothreitol, 100 mM phenylmethylsulfonyl ¯uoride, 3 mg/
maximum GVBD induction of about 90%. a-Methyl 5-HTml leupeptin, pH 7.5). After removing excess EB by centrifugation,
the oocytes were frozen at 0807C and kept until use. The oocytes induced 10% GVBD at 10 mM and about 40% GVBD at
were thawed, broken by pipetting, and extracted by centrifugation 100 mM. 8-OH-DPAT, TFMPP, and mCPBG did not induce
at 15,000g for 15 min at 47C. The supernatant was used for measur- GVBD at concentrations from 1 nM to 100 mM. The rank
ing kinase activity. order of the potency of agonists to induce GVBD was 5-HT
@ a-methyl 5-HT @ 8-OH-DPAT, TFMPP, mCPBG.
The inhibitory effect of speci®c antagonists against 5-HT1
(propranolol), 5-HT2 (cyproheptadine, mianserin), and 5-HT3Protein Kinase Activity
receptors (metoclopramide) was also examined (Fig. 2).
GVBD induced by 1 mM 5-HT was not inhibited by any ofThe kinase activity of cdc2 (a catalytic component of MPF) in
oocyte extracts was measured with a synthetic peptide (SP-peptide, the antagonists at 1 mM. Propranolol and cyproheptadine
KKAAKSPKKAKK), which is phosphorylated by cdc2 and its related inhibited GVBD in half of the oocytes at 10 mM and in
kinases (reviewed by Yamashita et al., 1992). The reaction was the majority at 100 mM. Metoclopramide at 100 mM also
performed for 8 min at 307C in the presence of the following sub- effectively inhibited GVBD. Mianserin was less effective
stances in a ®nal volume of 50 ml: 100 mM SP-peptide, 500 mM up to the concentration of 100 mM. The rank order of the
ATP, 1.5 mCi [g-32P]ATP, 1 mM EGTA, 10 mM MgCl2, 4.5 mM b- inhibitory effect was propranolol, cyproheptadine  meto-
mercaptoethanol, 20 mM Tris±HCl (pH 7.5), and 5 ml sample. The
clopramide  mianserin. Similar results were obtainedreaction was stopped by adding 5 ml of 3 M phosphoric acid, and
when oocytes were treated with 100 nM 5-HT, althoughthe SP-peptide was adsorbed onto phosphocellulose paper (P81,
GVBD was inhibited by lower concentrations of antagonistsWhatman). The paper was washed at least ®ve times in 0.1% phos-
than those for inhibiting GVBD induced by 1 mM 5-HT (dataphoric acid and once in acetone. After drying, the radioactivity
remaining on the paper was measured by Cherenkov counting. not shown).
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prevent spontaneous meiosis reinitiation before the applica-
tion of 5-HT. There were no differences in the sensitivity
to 5-HT in NSW and in SASW. 5-HT (100 mM) induced 85%
GVBD in the fura-2-injected oocytes (n  13) in SASW.
GVBD occurred between 15 and 30 min, slightly slower
than that in NSW (between 10 and 25 min). The resting
[Ca2/]i level in SASW was similar to that in NSW, and no
change in [Ca2/]i was observed after the application of 100
mM 5-HT (Fig. 4A), as in NSW (Fig. 3).
Fura-2 is a useful calcium indicator for detecting rapid
and small transient changes in [Ca2/]i . However, fura-2 it-
self may have a speci®c inhibitory effect on [Ca2/]i changes
induced by 5-HT, thereby making it dif®cult to detect the
changes in fura-2-injected oocytes. This possibility wasFIG. 2. Effects of 5-HT antagonists on GVBD in oyster oocytes.
checked by using another ¯uorescent Ca2/ dye, calciumOocytes were incubated in NSW containing 1 mM 5-HT and differ-
green. This dye has higher af®nity to Ca2/ than fura-2. Simi-ent concentrations of antagonists, and the percentage of GVBD was
scored 1 hr after the application of 5-HT (n  5 in each antagonist lar to the results obtained by fura-2, calcium green signals
experiment). of (F 0 F0)/F0 did not change after the addition of 100 mM
5-HT (n  5), although GVBD took place (Fig. 5A). Taken
together, we conclude that 5-HT induces meiosis reinitia-
tion without any signi®cant [Ca2/]i changes.Measurement of [Ca2/]i during 5-HT-Induced
Meiosis Reinitiation
[Ca2/]i Change and Meiosis Reinitiation Induced byFor the measurement of [Ca2/]i and pHi during 5-HT-in- Ca2/ In¯uxduced meiosis reinitiation, fura-2-, calcium green-, or
HPTS-injected oocytes were placed in measuring chambers [Ca2/]i did not exhibit any outstanding changes during 5-
(Deguchi and Osanai, 1994a,b) and induced to mature by HT-induced meiosis reinitiation. Then, does Ca2/ have no
various concentrations of 5-HT. The percentage of 5-HT- effects on inducing meiosis reinitiation in oyster oocytes?
induced GVBD was 89% at 100 mM (n  9), 75% at 10 mM To examine this, we treated the oocytes with drugs that
(n  8), 56% at 1 mM (n  9), and 33% at 100 nM (n  3). stimulate Ca2/ in¯ux. The Ca2/ ionophore ionomycin (1
The sensitivity of the dye-injected oocytes to 5-HT was mM) induced a transient increase in [Ca2/]i (Fig. 4B), probably
slightly lower than that of noninjected oocytes (see Fig. 1). by stimulating Ca2/ in¯ux as well as release of stored Ca2/,
Since some of the dye-injected oocytes already underwent but the percentage of GVBD induced by ionomycin was
GVBD before 5-HT application, it is plausible that only the only 47% (n  15). Only in the presence of external Ca2/
oocytes with lower competence to undergo GVBD remained does excess K/ induce a Ca2/ in¯ux and GVBD in some
when 5-HT was applied. This may be the reason for the low bivalve species (Allen, 1953; DubeÂ and Guerrier, 1982;
sensitivity of the injected oocytes against 5-HT. In spite DubeÂ , 1988; Deguchi and Osanai, 1994). When oocytes were
of lower sensitivity, 100 or 10 mM 5-HT induced GVBD transferred to EKCa-SASW, a very sharp transient increase
frequently enough to examine changes in [Ca2/]i and pHi in [Ca2/]i was observed, and after that, [Ca2/]i still remained
during meiosis reinitiation. higher than the resting level (Fig. 4C). However, EKCa-
Figure 3 shows [Ca2/]i changes in the oocytes incubated SASW treatment induced only 25% GVBD (n  8). Ammo-
in NSW, as detected by fura-2. No signi®cant change in
[Ca2/]i was detected after the application of 5-HT at 100
mM, although GVBD took place between 10 and 25 min after
the application. The ¯uorescence ratio (F340/F380) remained
between 0.4 and 0.5. This value corresponds to [Ca2/]i of
about 100 nM from our in vitro calibration (Deguchi and
Osanai, 1994a).
As described above, when oocytes were incubated in
NSW, no signi®cant changes in [Ca2/]i were detected by
fura-2, irrespective of the occurrence of GVBD after the
stimulation of 5-HT. Oyster oocytes tend to mature sponta-
neously when incubated in NSW. Thus, we cannot exclude
the possibility that the oocytes had undergone the early
step of meiosis reinitiation including changes in [Ca2/]i be- FIG. 3. Changes in [Ca2/]i in oyster oocytes treated with 5-HT.
fore we examined them. To eliminate this possibility, we Fura-2-injected oocytes were incubated in NSW containing 100 mM
5-HT. GVBD occurred.incubated oocytes in SASW (pH 7.0), instead of NSW, to
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nia is an effective inducer of GVBD in some mollusks (DubeÂ
and Guerrier, 1982; Guerrier et al., 1986; Brassard et al.,
1988; Deguchi and Osanai, 1993). It raises not only pHi
(Guerrier et al., 1986; Deguchi and Osanai, 1994b, 1995)
but also [Ca2/]i at higher concentrations (Brassard et al.,
1988). ACSW caused a small transient increase (Fig. 4D) or
no change (data not shown) in [Ca2/]i . Only 13% of oocytes
underwent GVBD in ACSW (n  8).
The above results show that the treatments that increase
[Ca2/]i by stimulating Ca2/ in¯ux are not always able to
induce GVBD in oyster oocytes. When oocytes that did not
undergo GVBD by treatment with ionomycin, EKCa-SASW,
or ACSW were exposed to 100 mM 5-HT, all of them under-
FIG. 5. Measurements of [Ca2/]i with calcium green and effect of
caged IP3 on the release of Ca2/ in oyster oocytes. Calcium green
was injected alone (A and B) or together with 600 mM caged IP3 (C
and D), 100 mM caged IP3 (E), 20 mM caged IP3 (H), 100 mM caged
IP3 / 20 mg/ml heparin (F), or 100 mM caged IP3 / 20 mg/ml
desulfated heparin (G). The oocytes in SASW (pH 7.0) were irradi-
ated with UV for 5 sec (B and D±H) by each indication of solid
triangles or exposed to 100 mM 5-HT (A and C, arrows). GVBD
occurred in A, C, and D, but not in B and E±H. These are typical
of 4 to 10 experiments.
went GVBD, indicating that the oocytes were still capable
of responding to 5 HT. Thus, the failure of the oocytes to
undergo GVBD under the conditions elevating [Ca2/]i is not
due to any damage by the treatments.
Meiosis Reinitiation Induced by IP3-Mediated Ca2/
ReleaseFIG. 4. Changes in [Ca2/]i in oyster oocytes treated with 5-HT
or drugs inducing an increase in [Ca2/]i . Fura-2-injected oocytes
We examined the involvement of IP3-mediated Ca2/ re-were preincubated in SASW (pH 7.0), then exposed to SASW (pH
lease in meiosis reinitiation of oyster oocytes. Injection of7.0) with 100 mM 5-HT (A), SASW (pH 7.0) with 1 mM ionomycin
20 mg/ml heparin (1 mg/ml in maximum concentration in(B), EKCa-SASW (C), or ACSW (D). GVBD occurred in A, but not
in B±D. cytoplasm), an antagonist of IP3 receptors (Hill et al., 1987;
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ation of oyster oocytes was performed using the ¯uorescent
pH dye HPTS. The resting value of F450/F380 before the appli-
cation of 5-HT varied in oocytes, ranging from 0.6 to 0.9
(the average, 0.75, n  8, corresponds to about pH 7.0 from
our in vitro calibration; Deguchi and Osanai, 1994b). When
the resting level was lower than 0.8 (n  5), 5-HT provoked
a small increase in pHi, which reached around 0.8 in about
4 min (Fig. 6A). On the other hand, when the resting level
was higher than 0.8 from the beginning (n  3), no increase
in pHi was observed before GVBD (Fig. 6B). During and after
GVBD, the F450/F380 ratio gradually increased to 1.1±1.2 at
30 min after addition of 5-HT.
To exclude the possibility of spontaneous meiosis in
NSW, oocytes were handled in SASW (pH 7.0). In SASW,
the initial F450/F380 ratio was around 0.4 (n  5) (Fig. 7),
lower than that in NSW before the application of 5-HT
(Fig. 6A). However, the pattern of changes in pHi after the
addition of 100 mM 5-HT was similar to that in NSW: little
or no increase in pHi before GVBD followed by a gradual
FIG. 6. Changes in pHi in oyster oocytes treated with 5-HT in NSW. increase during and after GVBD. The ratio after GVBD in
Oocytes injected with the pH indicator HPTS were stimulated with SASW was similar to or slightly lower than the resting pHi
100 mM 5-HT. Intracellular pH was low in (A) before the application level in NSW before the application of 5-HT.
of 5-HT and high in (B). GVBD occurred in both (A) and (B).
Cdc2 Kinase Activity at Different Meiotic Stages
It has been well established that meiosis reinitiation is
Ghosh et al., 1988), neither inhibited GVBD induced by ®nally triggered by the activation of MPF, which consists
100 mM 5-HT nor promoted [Ca2/]i changes during meiosis of cdc2 (a catalytic subunit) and cyclin B (a regulatory sub-
reinitiation (n  3), suggesting that 5-HT does not utilize unit). To con®rm that 5-HT-induced meiosis reinitiation is
the internal Ca2/ store for inducing meiosis reinitiation. We mediated by the activation of MPF, we measured the kinase
then examined whether an IP3-mediated [Ca2/]i increase can activity of 5-HT-treated oocytes, using a synthetic peptide
provoke GVBD. To do this, caged IP3 was injected into oo- substrate speci®c to cdc2. The kinase activity of prophase-
cytes, then IP3 was liberated by UV irradiation. Multiple arrested oocytes was low (Fig. 8A), but increased when oo-
UV irradiations without injecting caged IP3 did not promote cytes underwent GVBD and were arrested at metaphase I
[Ca2/]i change (Fig. 5B). Injection of 600 mM caged IP3, to- by the application of 100 mM 5-HT (Fig. 8B). These results
gether with calcium green, neither promoted increase in indicate that the cdc2 kinase activity correlates with the
[Ca2/]i nor inhibited GVBD induced by 100 mM 5-HT (Fig. meiotic stage of oyster oocytes: low at prophase, high at
5C). When the oocytes injected with caged IP3 at 600 mM metaphase I.
(Fig. 5D) or 100 mM (Fig. 5E) were irradiated by UV, a tran-
sient increase in [Ca2/]i was immediately triggered upon DISCUSSION
each irradiation. The peak level of [Ca2/]i was the same
5-HT Receptor on Oyster Oocytesbetween the oocytes injected with two different concentra-
tions of caged IP3. GVBD induced was only 21% (n  14) Consistent with the previous report (Osanai, 1985), the
after one UV irradiation, while it was 75% (n  4) after concentration of 5-HT capable of inducing GVBD was
multiple UV irradiations.
Injection of 20 mg/ml heparin with 100 mM caged IP3 com-
pletely blocked the transient increase in [Ca2/]i after UV irradi-
ation (Fig. 5F). On the contrary, injection of 20 mg/ml desul-
fated heparin, which does not bind to IP3 receptors (Ghosh et
al., 1988), did not affect the release of Ca2/ by UV irradiation
(Fig. 5G). Lower concentration of caged IP3 (20 mM) released
less Ca2/ (Fig. 5H). These results indicate that an IP3 receptor-
mediated Ca2/ release mechanism exists in oyster oocytes
but its activation is not involved in 5-HT induced meiosis
reinitiation from prophase in most of the oocytes.
Measurement of pHi during Meiosis Reinitiation FIG. 7. Changes in pHi in oyster oocytes treated with 5-HT.
A rise in pHi is involved in meiosis reinitiation in some HPTS-injected oocytes were preincubated in SASW (pH 7.0), then
exposed to SASW (pH 7.0) with 100 mM 5-HT. GVBD occurred.bivalve oocytes. Measurement of pHi during meiosis reiniti-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8470 / 6x18$$$143 01-16-97 00:59:42 dba
39Ca2/, pH, and MPF Changes during GVBD by Serotonin
by sperm or excess K/ (Allen, 1953; DubeÂ and Guerrier,
1982; Deguchi and Osanai, 1994b). In Mactra, an increase
in [Ca2/]i caused by an in¯ux of Ca2/ is a prerequisite for
GVBD induced by sperm or excess K/ (Deguchi and Osanai,
1994b). In these species, an increase in pHi is insuf®cient
and even unnecessary for GVBD (Brassard et al., 1988; DubeÂ ,
1988; DubeÂ and Coutu, 1990; Deguchi and Osanai, 1994b),
although decreasing pHi below the threshold level prevents
the process in Mactra (Deguchi and Osanai, 1994b). In mol-
lusks such as Patella or Limaria, in contrast, an alkaliniza-
tion of cytoplasm is suf®cient for inducing GVBD without
any change in [Ca2/]i (Guerrier et al., 1986; Deguchi and
Osanai, 1994b). In Hiatella oocytes, both [Ca2/]i and pHi are
concerned with GVBD (Deguchi and Osanai, 1995). Oyster
oocytes were also proposed to have such Ca2/-mediated
transduction pathways leading to GVBD, because the Ca2/FIG. 8. Cdc2 kinase activities of oyster oocytes at different mei-
ionophore A23187 induces GVBD, although control dataotic stages. (A) Prophase-arrested oocytes immediately after isola-
tion from the ovary in NSW. (B) Metaphase I-arrested oocytes 1 hr are not reported (Osanai and Kuraishi, 1988).
after the application of 100 mM 5-HT in NSW. Averages of three However, our results argue against the possibility that
experiments from three different animals. [Ca2/]i functions as a second messenger after the activation
of 5-HT receptors on the surface of oyster oocytes. No
change in [Ca2/]i was detected by fura-2 or calcium green
during 5-HT-induced GVBD. This situation is quite differ-
greater than 100 nM, which is also close to that for other ent from that reported for other bivalves. In Spisula, GVBD
species, i.e., Spisula (Hirai et al., 1988; Krantic et al., 1991), induced by 5-HT is completely blocked by the absence of
Ruditapes (Osanai and Kuraishi, 1988; Guerrier et al., 1993), external Ca2/ (Kadam et al., 1990) and an increased 45Ca2/
and Hiatella (Deguchi and Osanai, 1995). However, the ef- uptake is detected after the addition of 5-HT (Krantic et al.,
fects of agonists on meiosis reinitiation in oyster were dif- 1991; Juneja et al., 1993). An increase in [Ca2/]i is observed
ferent from those in any other species reported. In Spisula after the application of 5-HT only in the presence of external
oocytes, GVBD is induced by the stimulation of 5-HT, a- Ca2/ (Juneja et al., 1994). In Ruditapes, GVBD and an in-
methyl 5-HT, and 8-OH-DPAT (Kadam et al., 1991; Krantic crease in [Ca2/]i after the addition of 5-HT are dependent
et al., 1991). On the other hand, Ruditapes oocytes exhibit on external Ca2/ in some cases and are completely inhibited
GVBD in response to 5-HT, 8-OH-DPAT, and TFMPP (Go- by incubation with the Ca2/ chelator BAPTA-AM (Guerrier
bet et al., 1994). In oyster oocytes, neither 8-OH-DPAT nor et al., 1993). It is likely that 5-HT binds to a speci®c G-
TFMPP induced GVBD. a-Methyl 5-HT induced GVBD in protein-coupled receptor which induces an early surge of
oyster, but its effect was 1000 times lower than that of 5- IP3 in this species (Gobet et al., 1994). In Hiatella, a dose-
HT, a situation differing from Spisula (Kadam et al., 1991). dependent increase in [Ca2/]i is observed by the application
In addition, the effects of antagonists were quite different of different concentrations of 5-HT, and the 5-HT-induced
from any other bivalves studied. The most interesting ®nd- [Ca2/]i increase and GVBD are partly inhibited by injection
ing here is that the inhibitory effect of mianserin, a strong of heparin (Deguchi and Osanai, 1995). All of these data
inhibitor of GVBD for other species (Kadam and Koide, suggest that an increase in [Ca2/]i , which is derived from
1989; Krantic et al., 1991; Gobet et al., 1994; Deguchi and an in¯ux of Ca2/ from external medium and/or a release of
Osanai, 1995), was the lowest of four antagonists tested. Ca2/ from internal IP3-sensitive stores, serves as a mediator
The inhibition is not due to toxicity or mechanical damage after activation of 5-HT receptors in these species. Obvi-
by antagonists, because the inhibition was dose-dependent ously, oyster oocytes possess both mechanisms because ap-
and when lower concentrations of 5-HT were applied, plication of EKCa-SASW and UV irradiation after injection
stronger inhibition was observed by the same concentration of caged IP3 triggered an increase in [Ca2/]i . However, nei-
of antagonists. These results suggest that oyster oocytes ther of them are used for 5-HT-induced oocyte maturation
possess 5-HT receptor(s) unique in mollusks. in the oyster. This is supported by the previous result that
GVBD takes place in the absence of external Ca2/ (Osanai,
1985) and by the present result that the injection of heparinSignal Transduction Pathway of 5-HT in Oyster
fails to block 5-HT-induced GVBD.Oocytes
Our data also rule out the possibility that pHi functions
as a second messenger of 5-HT-induced meiosis reinitiationAmong second messengers, Ca2/ and/or pH have been
considered to control events leading to activation of MPF in oyster. Although an increase in pHi did occur after the
addition of 5-HT, the change before GVBD was small orand GVBD in mollusks. In bivalves such as Spisula, Barnea,
and Mactra, the release from the prophase arrest is triggered did not take place in some cases. Moreover, 5-HT-induced
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DubeÂ , F., and Guerrier, P. (1982). Activation of Barnea candidaGVBD proceeded normally even in SASW (pH 7.0), where
(Mollusca, Pelecypoda) oocytes by sperm or KCl, but not bythe pHi level during GVBD was lower than the resting level
NH4Cl, requires a calcium in¯ux. Dev. Biol. 92, 408±417.in NSW before the application of 5-HT. The application of
DubeÂ , F. (1988). The relationships between early ionic events, theionomycin or EKCa-SASW also caused an increase in pHi,
pattern of protein synthesis, and oocyte activation in the surfthe alkalinization itself, induced by ACSW, as insuf®cient
clam, Spisula solidissima. Dev. Biol. 126, 233±241.
for inducing GVBD in oyster (data not shown). These results DubeÂ , F., and Coutu, L. (1990). The sodium requirement for activa-
indicate that the resting pHi level in prophase-arrested oo- tion of surf clam oocytes. Cell Biol. Int. Rep. 14, 463±471.
cytes is already high enough and a further increase is not Fong, P. P., Wall, D. M., and Ram, J. L. (1993). Characterization of
required to undergo GVBD. A second increase in pHi gener- serotonin receptors in the regulation of spawning in the zebra
ally occurred during and after GVBD. In contrast, when mussel Dreissena polymorpha (Pallas). J. Exp. Zool. 267, 475±
482.GVBD did not take place, no change in pHi was observed at
Fong, P. P., Kyozuka, K., Abdelghani, H., Hardege, J. D., and Ram,all. This situation is different from that in Hiatella oocytes,
J. L. (1994). In vivo and in vitro induction of germinal vesiclewhich show a gradual increase in pHi that begins immedi-
breakdown in a freshwater bivalve, the zebra mussel Dreissenaately after addition of 5-HT, and the magnitude is dose-
polymorpha (Pallas). J. Exp. Zool. 269, 467±474.dependent when different concentrations of 5-HT are used
Fong, P. P., Deguchi, R., and Kyozuka, K. (1996). Serotonergic li-(Deguchi and Osanai, 1995).
gands induced spawning but not oocyte maturation in the bivalve
Measurement of MPF activity using a synthetic peptide Mactra chinensis from central Japan. Biol. Bull. 191, 27±32.
substrate to cdc2 has shown that MPF is activated when Ghosh, T. K., Eis, P. S., Mullaney, J. M., Ebert, C. L., and Gill, D. L.
oyster oocytes are induced to mature by 5-HT, indicating (1988). Competitive, reversible, and potent antagonism of inosi-
that 5-HT provokes meiosis reinitiation via the activation tol 1,4,5-trisphosphate-activated calcium release by heparin. J.
of MPF as found in many other organisms. Biol. Chem. 263, 11075±11079.
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